Polyethylene glycol 400 (PEG400) is a commonly used co-solvent. Recent studies suggested that it might affect the systemic exposure of oral drugs based on mechanisms besides increasing their solubility. In this study, we systematically explored the dose related effects and underlying mechanisms of PEG400 on the systemic exposure of oral berberine, a new drug candidate having multiple pharmacological effects. The results showed that low concentration (5% and 15%) PEG400 decreased but high concentration (50%) PEG400 increased the absorption of berberine across mouse gut sacs by 6.5-fold. As expected, 50% PEG400 increased the solubility of berberine from 1.7 to 10.5 mg mL À1 . Surprisingly, 50% PEG400
Introduction
Solubility is one of the fundamental parameters controlling oral drug absorption.
1 Poor aqueous solubility usually leads to limited systemic exposure of oral drugs. Various solubilityenhancing approaches have been developed and are routinely used to tackle this problem. 2 The application of co-solvent, such as polyethylene glycol 400 (PEG400), 2 is one of the commonly used techniques for improving solubility.
PEG400 is usually considered as inert. 3 However, recent studies have revealed that this compound has various bioactivities. For example, PEG400 inhibits drug efflux transporters such as p-glycoprotein (P-gp) 4 and uptake transporters like organic anion-transporting polypeptide (OATP) 1A2.
5 PEG400 also inhibits drug metabolizing enzymes, including intestinal 6 and hepatic cytochrome P450 3A (CYP3A). 7 In addition, PEG400 accelerates gastrointestinal transit. 8, 9 Other studies have shown that PEG400 affects the permeability of drugs. For example, PEG400 decreases the apparent permeability of carbamazepine by reducing its thermodynamic activity and by reversing solvent drug. 10, 11 In contrast, PEG400 increases the permeability of testosterone across a phospholipid vesicle-based barrier. 12 Bendels et al. 13 reported that PEG400 causes enhanced permeability of weak acids and neutral compounds but depressed permeability of weak bases. Thus, the diverse effects of PEG400 on solubility, permeability, drug metabolizing enzymes, transporters, and gastrointestinal transit time may have profound inuences on the intestinal absorption and systemic exposure of oral drugs. However, although PEG400 is widely used, systematic studies on the inuences of PEG400 on the systemic exposure of oral drugs and underlying mechanisms have not been reported.
Berberine (Fig. 1) , an isoquinoline alkaloid isolated from medicinal plants including plants of the family Ranunculaceae, such as Coptis chinensis Franch, 14 has been reported to have multiple pharmacological effects, 15 including antidiabetic, 16 lipidreducing, 17 anticancer, 18 anti-inammatory, 19 antidiarrheal, 20 and antimicrobial 21 activities. Berberine was introduced in clinical practice in Europe in 2014 because of its benecial effects on treating type 2 diabetes mellitus and improving lipid metabolism in patients. 22 However, due to its poor aqueous solubility, 23 extensive rst pass metabolism, 24 and efflux by intestinal 25 and hepatic P-gp, 26 the systemic exposure of berberine is extremely low (0.36%);
24 this dramatically limits its clinical applications. Thereby, a lot of strategies have been developed to promote the intestinal absorption of oral berberine.
27 PEG400 has been used with other excipients to increase the systemic exposure of oral berberine. 28, 29 However, the effects of PEG400 alone and underlying mechanisms have not been systematically evaluated.
In this study, we aimed to systematically evaluate the concentration related effects and underlying mechanisms of PEG400 on the intestinal absorption and systemic exposure of oral drugs taking berberine as an example. Although the result of this study would not directly encourage the clinical applications of high concentration of PEG400, it does provide new insights into the pharmaceutical effects of PEG400.
Materials and methods

Materials
Berberine hydrochloride and palmatine hydrochloride with purities of more than 98% were obtained from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Berberrubine and demethyleneberberine with purities of more than 98% were synthesized and identied as reported. 30 Polyethylene glycol 400 (PEG400), uorescein isothiocyanate-labeled dextran (molecular weight [M w ]: 4400 g mol À1 , FD4), the QuantiPro bicinchoninic acid (BCA) assay kit, and reduced nicotinamide adenine dinucleotide phosphate (NADPH) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The lactate dehydrogenase (LDH) activity assay kit was purchased from keyGEN BioTECH (Nanjing, China). Acetonitrile was the product of Merck (Darmstadt, Germany). Pure water used in the current study was prepared using a Milli-Q system (Millipore Corporation, Billerica, MA, USA). All other materials were of analytical grade or better.
Animals
Grade II male and female Kun-Ming (KM) mice (22-24 g) were purchased from Shanghai Slac Laboratory Animal Co., Ltd.
(Shanghai, China). The mice were housed in an air-conditioned room at 22-24 C under a 12 h dark/light cycle and given food and water ad libitum. 30 Briey, a Shimadzu Prominence UFLCXR series HPLC (Shimadzu, Japan) and a Thermo Scientic TSQ Quantum Ultra mass spectrometer (Thermo Scientic, Waltham, MA, USA) equipped with an electrospray ionization (ESI) source were used. To avoid the ion suppression caused by PEG400, 31 palmatine, a homologous compound of berberine, was used as internal standard. The samples were precipitated with three volumes of acetonitrile. Aer centrifugation (24 000 Â g, 6 min, 4 C), the supernatant was mixed with an equal volume of water, and 10 mL samples were injected into the LC-MS/MS system. The samples were eluted through a Hypersil Gold (C18) analytical column (5 mm, 100 Â 2. Mouse gut sacs studies 30 Effects of PEG400 on the absorption of berberine across mouse gut sacs. Mice were divided into four groups (n ¼ 4 mice per group: two males and two females) in order to study the absorption of berberine (50 mM) in blank Krebs-Ringer buffer (containing 118 mM NaCl, 25 mM NaHCO 3 , 1.2 mM MgSO 4 , 2.5 mM CaCl 2 , 11 mM glucose, 1.2 mM KH 2 PO 4 , and 4.7 mM KCl, pH 6.9) or with various concentrations (5%, 15%, and 50%) of PEG400. Briey, the mice were sacriced, and the ileum was removed 5 cm above the caecum aer laparotomy. The ileum was washed with chilled Krebs-Ringer buffer without eversion. A 12 cm segment was cut and ligated at one end. The gut sac was lled on the mucosal side (inside) with 1 mL berberine solution and the other end was tightly ligated to create a gut sac. The sac was immediately incubated for 5 min at 37 C in a Magnus bath containing 20 mL oxygenated Krebs-Ringer buffer. Aer the incubation, aliquots of buffer (50 mL) were taken from the serosal side (outside) every 15 to 60 min and replaced with an equal volume of the Krebs-Ringer buffer. The concentration of berberine in each sample was measured using the LC-MS/MS method. Effects of PEG400 pretreatment on the absorption of berberine across mouse gut sacs. Mice were divided into four groups (n ¼ 4 mice per group: two males and two females). The mice were orally administered water or various concentrations (5%, 15%, and 50%) of PEG400 aqueous solution. The intestines were collected 4 h later and completely washed with blank Krebs-Ringer buffer. The absorption of berberine in the absence of PEG400 across each mouse gut sac was analyzed as described above (experiment: effects of PEG400 on the absorption of berberine across mouse gut sacs, abridged as gut sac experiment 1).
Effects of PEG400 on berberine efflux across mouse gut sacs. In general, the experiment was performed as described above (gut sac experiment 1), except that the ileums were everted. Accordingly, the everted sacs were lled on the serosal side (inside) with berberine solution, and aliquots (50 mL) were taken from the mucosal side (outside).
Effects of PEG400 on the absorption of FD4 across mouse gut sacs. The in vitro absorption of FD4 (3 mg mL À1 ) in the presence of various concentrations (5%, 15%, and 50%) of PEG400 across each mouse gut sac was performed as described above (gut sac experiment 1). The concentrations of FD4 were determined using a uorescence microplate reader (BioTek Instruments, Winooski, VT, USA), with excitation at 485 nm and emission at 528 nm.
30
Effects of PEG400 pretreatment on the absorption of FD4 across mouse gut sacs. Mice were divided into three groups (n ¼ 4 mice per group: two males and two females). The mice were orally administered 50% PEG400 aqueous solution. The intestines were collected 2 or 4 h later and completely washed with blank Krebs-Ringer buffer. The in vitro absorption of FD4 in the absence of PEG400 across each mouse gut sac was then analyzed as described above (gut sac experiment 1). The concentrations of FD4 were determined as described in the experiment: effects of PEG400 on the absorption of FD4 across mouse gut sacs.
Solubility of berberine in PEG400 solution
We analyzed the solubility of berberine in high-concentration PEG400 as previously described. 32 Briey, 10 mg berberine was added to 1 mL water or 50% PEG400. The berberine concentrations were in accordance with those used in the pharmacokinetic studies. The suspensions were subjected to sonication for 1 h and then kept at room temperature (about 22 C) for 5 h. The samples were centrifuged at 24 000 Â g for 6 min. The supernatants were collected and diluted, and the berberine concentration in each sample was measured using the LC-MS/MS method. All experiments were performed in triplicate.
Effects of PEG400 on the in vitro metabolism of berberine 30 In brief, reaction conditions, including the protein concentration and the incubation time, were optimized to ensure the linearity of the reactions. 30 The reactions were conducted in 100 mM PBS buffer (pH 7.4) containing 1 mM NADPH, 0.5 mg of microsomal protein, various concentration of berberine (3.625, 6.25, 12.5, 25, 50, 100, 200, and 400 mM), and various concentration of PEG400 (0%, 0.3%, 1%, and 3%). The concentrations of PEG400 were chosen according to its in vivo exposure levels aer receiving oral PEG400.
33 Aer pre-incubation for 5 min, the reaction was initiated with addition of the NADPH solution. Samples were then incubated at 37 C for 15 min, and the reactions were terminated by the addition of an equal volume of ice-cold methanol. Aer centrifugation (16 000 rpm, 5 min, 4 C), the samples were analyzed using the HPLC method. All reactions were performed in triplicate.
Effects of PEG400 on the in situ liver uptake of berberine 34 Briey, under light ether anesthesia with diethyl ether, berberine (100 mM) dissolved in saline or various concentrations of PEG400 (0.5%, 1.5%, and 5%, 0.04 mL kg À1 body weight) was injected rapidly into the portal vein of mice. The concentrations of PEG400 were chosen according to its in vivo exposure levels aer receiving oral PEG400. 33 The liver was excised 18 s later and weighed. The livers were homogenized, and the concentrations of berberine were detected using the LC-MS/MS method.
Pharmacokinetics of berberine in mice
Effects of high-concentration PEG400 on the pharmacokinetics of berberine. Mice were randomly divided into eight groups (n ¼ 8 mice per group: four males and four females). The mice were orally administered 200 mg kg À1 berberine dissolved in water or 50% PEG400 at the dose volume of 0.2 mL/10 g body weight. The dose of berberine (200 mg kg À1 ) was chosen according to the dose used in the clinic and in other preclinical studies using mice. 35, 36 Blood was collected into heparinized tubes at the designated time points (0.5, 1, 2, and 4 h). The last time point was selected to allow sampling prior to death induced by oral berberine in 50% PEG400. Aer centrifugation (24 000 Â g, 6 min, 4 C), the plasma samples were collected, and the concentration of berberine was detected using the LC-MS/MS method. Effects of cycloheximide pretreatment on the promotive effect of high-concentration PEG400. Mice were randomly divided into eight groups (n ¼ 6 mice per group: three males and three females). The mice received an intraperitoneal injection of saline or cycloheximide (10 mg kg À1 ) to block chylomicron ow. 37 Two hours later, the mice were orally administered 200 mg kg À1 berberine dissolved in 50% PEG400.
Plasma samples were prepared and analyzed as above (experiment: effects of high-concentration PEG400 on the pharmacokinetics of berberine).
Assessment of intestinal membrane damage
The release of protein and LDH from the intestinal epithelial cells was measured as a marker of intestinal membrane damage as reported previously. 38 Mice were divided into two groups (n ¼ 4 mice per group: two males and two females). The mice were orally administered water or 50% PEG400 aqueous solution. The intestines were collected 4 h later and washed with blank the Krebs-Ringer buffer. LDH activity of the perfusate was determined using an LDH activity assay kit, and protein concentrations were determined using a QuantiPro BCA assay kit with bovine serum albumin as the standard.
Statistical analysis
Results were expressed as the mean AE SD, and statistical signicance was determined with one-way or two-way analysis of variance (ANOVA) for multiple comparisons with the minimum level of signicance (P < 0.05).
Results
Effects of PEG400 on the absorption and efflux of berberine across mouse gut sacs As shown in Fig. 2A , the absorption of berberine at 60 min were 3.8 AE 3.1, 1.2 AE 0.6, 2.7 AE 1.3, 25.3 AE 8.7, and 0.19 AE 0.17 ng mL À1 cm sac in control, various concentrations of PEG400 (5%, 15%, or 50%) treated, and 50% PEG400 pretreated groups, respectively. The results showed that 5% PEG400 decreased while 50% PEG400 increased the absorption of berberine across mouse gut sacs (both p < 0.01). However, 15% PEG400 did not have any signicant effects on berberine absorption (p > 0.05). Interestingly, pretreatment with 50% PEG400 decreased the absorption of berberine (p < 0.01).
As shown in Fig. 2B , the efflux of berberine at 60 min were 30.4 AE 2.6 and 30.9 AE 6.8 ng mL À1 cm sac in the control and 50% PEG400-treated groups, respectively. The results showed that 50% PEG400 did not inhibit the efflux of berberine across the gut sacs (p > 0.05).
Effects of high-concentration PEG400 on the absorption of FD4 across mouse gut sacs
As shown in Fig. 3A , the absorption of FD4 at 60 min were 0.38 AE 0.19, 0.24 AE 0.06, 0.18 AE 0.07, and 5.0 AE 2.0 ng mL À1 cm sac in control, 5%, 15%, or 50% PEG400 treated groups, respectively. The results showed that 50% PEG400 increased the absorption of FD4 across mouse gut sacs (p < 0.01).
As shown in Fig. 3B , the absorption of FD4 at 60 min were 0.72 AE 0.18, 0.63 AE 0.16, and 0.85 AE 0.38 ng mL À1 cm sac in control mice and mice pretreated with 50% PEG400 for 2 or 4 h, respectively. The results showed that pretreatment with 50% PEG400 for 2 h decreased the absorption of FD4 (Fig. 3B , p < 0.05).
Effects of PEG400 on intestinal damage
As shown in Fig. 4 , the total intestinal protein levels were not increased at 4 h aer oral administration in the presence of 50% PEG400 (p > 0.05). The activities of LDH in the intestinal perfusates of both the control and 50% PEG400-treated groups were barely detectable.
Effects of PEG400 on the in situ hepatic uptake of berberine
As shown in Fig. 5 , PEG400 did not inuence the in situ hepatic uptake of berberine (p > 0.05).
Effects of PEG400 on the phase I metabolism of berberine
As shown in Fig. 6A and B, PEG400 signicantly inhibited the formation of the major in vitro phase I metabolites (berberrubine and demethyleneberberine) of berberine in mouse hepatic microsomes in a concentration-dependent manner (both p < 0.01). However, the calculated metabolizing indexes, i.e., the ratios of the formed phase I metabolites (berberrubine plus demethyleneberberine) to the amount of berberine plus the formed metabolites in the plasma, showed that the in vivo metabolism of berberine was not inuenced by PEG400 (p > 0.05, Fig. 6C ).
Effects of PEG400 on the solubility of berberine
As shown in Fig. 7 , berberine was completely dissolved in 50% PEG400 (10.5 mg mL À1 ), while its solubility in water was much lower (p < 0.01, 1.7 mg mL À1 ).
Effects of PEG400 on the systemic exposure of berberine and related metabolites
As shown in Fig. 8A , the systemic exposure level (AUC 0-4 h ) of berberine in mice was largely increased by 50% PEG400 (p < 0.01, from 30.6 to 188.0 ng h mL À1 ). As shown in Fig. 8B , the total amount of berberine plus its related metabolites (berberrubine and demethyleneberberine) was also increased. The AUC 0-4 h increased from 171.0 to 1158.1 ng h mL À1 (p < 0.01).
Effects of cycloheximide pretreatment on the promotive effects of PEG400
As shown in Fig. 9 , cycloheximide pretreatment signicantly decreased the effects of PEG400 on the systemic exposure of berberine aer oral administration in mice. The AUC 0-3 h decreased from 388.0 to 106.2 ng h mL À1 (p < 0.01).
Discussion
Given the extremely low bioavailability of berberine (0.36%) which is mainly caused by its extensive metabolism, 24 slight inhibition on metabolizing capacity towards berberine may lead to a signicant increase in its systemic exposure. PEG400 was reported to inhibit drug metabolizing enzymes, particularly phase I enzymes.
6,7 Therefore, it was likely that the effect of PEG400 on the enhanced exposure of berberine would be associated with its effects on drug metabolizing enzymes. However, our results revealed that although PEG400 inhibited the in vitro metabolism of berberine in a concentrationdependent manner, it did not inuence the in vivo metabolism of berberine. Although the detail mechanism remains to be elucidated, the inconsistent outcomes between in vitro and in vivo studies might be associated with the intrinsic drawbacks of the in vitro test systems. 39 For example, liver microsomes, the most widely used in vitro system for drug metabolism and Fig. 3 Effects of PEG400 on the permeability of FD4 (3 mg mL À1 ) across mouse gut sacs (mean AE SD, n ¼ 3-4). (A) Permeability of FD4 across mouse gut sacs in the presence of various concentrations (low, middle, and high: 5%, 15%, and 50%, respectively) of PEG400. (B) Permeability of FD4 across mouse gut sacs after pretreatment with 50% PEG400 solution for 2 or 4 h. Fig. 4 Total intestinal protein levels at 4 h after oral administration of PEG400 in mice (mean AE SD, n ¼ 4). Low and high: 5% and 50% PEG400, respectively. Fig. 5 Effects of various concentrations of PEG400 on the in situ uptake of berberine in the liver (mean AE SD, n ¼ 4). Berberine (100 mM) was dissolved in saline or various concentrations of PEG400 (0.5%, 1.5%, and 5%; 0.04 mL kg À1 body weight) and was injected rapidly into the portal vein of mice under light ether anesthesia with diethyl ether. The liver was excised 18 s later and weighed. The livers were then homogenized, and the concentration of berberine was detected using LC-MS/MS. inhibition studies, do not represent the true in vivo situation because they contain only the endoplasmic reticulum-localized enzymes, which means that metabolism via other enzymes will not be detected with this system.
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PEG400 has been reported to inhibit the function of P-gp, 4 which pumps out berberine during its intestinal absorption. 25 We also found that PEG400 (0.1-5%) decreased the efflux of berberine from HepG2 and Caco-2 cells in a concentrationdependent manner (data not shown). However, our in vitro absorption results indicated that increased berberine absorption across gut sacs was not due to decreased berberine efflux. Given that PEG400 is a potent inhibitor of both OATP1A2 (ref. 5) and P-gp, 4 which mediate the uptake 41 or excretion of berberine, 26 respectively, we hypothesize that these results may be explained by the concerted inhibition of both OATP1A2 and P-gp.
In general, drugs move across epithelial barriers by the transcellular and the paracellular pathway. Hydrophilic drugs usually take the second route, which is regulated by the tight junctions (TJs). Strategies which open TJs by using chemical permeation enhancers in a reversible manner for paracellular drug delivery has got arisen interest.
42 FD4 is primarily transported across the intestinal membrane via a paracellular pathway, allowing for easy estimation of intestinal epithelium barrier function. 30, 38 Our results conrmed with the intestinal transport of FD4 suggested that the effects of PEG400 on the enhanced absorption of berberine resulted from the reversible opening of paracellular TJs. These results were consistent with a report by Nakanishi et al. (1983) , who found that the decreased rectal permeability induced by 50% PEG400 returned to the normal state within 2 h. 43 TJs are composed of proteins including transmembrane proteins (like occludin and claudins) and cytoplasmic plaque proteins (like ZO-1, ZO-2, ZO-3, cingulin, and 7H6). 44 Chemical permeation enhancers may act directly and specically on the extracellular loops of TJ proteins and the TJ-associated membrane microdomains. 44 However, the mechanism of PEG400 in terms of opening the paracellular TJs remained to be elucidated.
Aer being absorbed and transiting across the enterocytes, drugs enter into the blood capillaries or lymph capillaries. 45 The former is the more common pathway because the uid ow of the portal blood is 500-fold higher than that of the intestinal lymph. 45 However, the latter pathway is more permeable, and drugs transported via the intestinal lymphatic system can bypass the liver and thus avoid hepatic rst-pass metabolism. 45 Indeed, lymphatic drug transport has been reported to be a contributor to the oral bioavailability of various lipophilic drugs and xenobiotics. 45 Cycloheximide pretreatment is a widely used method to block chylomicron ow and does not affect other absorption pathways.
37,46-48 Our results conrmed by cycloheximide pretreatment indicated that the lymphatic system played an important role in the enhanced absorption of berberine by PEG400. We assumed that increased absorption of berberine by PEG400 may increase berberine exposure to the lymphatic pathway, thereby contributing to the systemic exposure of orally available berberine. Given that chylomicrons consist of a core of triglyceride (85-92%) and cholesterol, and a monolayer of phospholipid (6-12%), cholesterol (1-3%) and protein (1-2%), 37 lipid solubility therefore has a major role in lymphatic drug transport. For a weak acid or weak base like Fig. 6 Effects of PEG400 on the in vitro and in vivo metabolism of berberine (mean AE SD, n ¼ 3 for (A) and (B), n ¼ 6 for (C)). (A and B) Effects of various concentrations of PEG400 (0.3%, 1%, and 3%) on the in vitro metabolism of berberine in mouse hepatic microsomes. (C) Effects of highconcentration (50%) PEG400 on the in vivo metabolic indexes of berberine. Data are shown as the ratios of the formatted phase I metabolites (berberrubine plus demethyleneberberine) to the amount of berberine plus the formed metabolites in plasma. Fig. 7 Solubility of berberine dissolved in water or 50% PEG400 (mean AE SD, n ¼ 3). Ten milligrams of berberine was added to 1 mL water or 50% PEG400. The suspensions were then subjected to ultrasound for 1 h followed by sitting at room temperature (about 22 C) for 5 h. The samples were centrifuged at 24 000 Â g for 6 min, and the supernatants were collected and measured using LC-MS/MS. ** p < 0.01 versus the control.
berberine, its lipid solubility may be affected by environmental conditions. For example, changes of pH values along the gastrointestinal tract may lead to different degree of ionization and lipid solubility of the compound. Its lipid solubility may also be affected by co-existed materials. Reportedly, polyethylene glycol 400 increased the partition coefficient of oxybenzone in a concentration dependent manner. 49 We assumed that PEG400 improved the lymphatic transport of berberine via increasing its lipid solubility. However, it remained to be veried.
Oral PEG400 is generally considered a highly safe organic cosolvent. 50 For example, repeated oral administration of PEG400 (5, 50, or 100%) at a volume of 5 mL per kg per day for 15 days induces mucosal changes in the stomach, but not the intestine of rats. 51 In the study, no signicant changes in the general condition, body weight, food consumption, hematology, or gross ndings at necropsy were observed during the treatment period, with the exception of loose stools in rats treated with 50 or 100 v/v% PEG400. 51 We had veried that oral 50% PEG400 at 20 mL kg À1 did not cause acute toxicity in mice (data not shown). In this study, the results of LDH and protein assays suggested that PEG400 did not cause intestinal membrane damage. Although these data were not enough to warrant the safety of high concentration of PEG400 especially in clinical applications, they did encourage more studies in this eld. Briey speaking, our results provided new insights into the pharmaceutical effects of PEG400 from following aspects. First, our results conrmed that PEG400 is not an inert solubilizing agent as was believed, 50 on the contrary, it showed profound effects on the intestinal absorption and systemic exposure of oral drugs like berberine. Second, previous studies have suggested that PEG400 shows concentration-dependent effects on the absorption of oral drugs, 12,52 however, our results showed that PEG400 had biphasic effects on the absorption of oral berberine. That's to say, lower concentration of PEG400 decreased but higher concentration increased the absorption of berberine. Third, given that berberine is an alkaloid, the result was also contradictory to the study which showed that PEG400 decreases the absorption of weak bases.
13 Fourth, our results discovered new mechanisms for the enhancing effects of PEG400 on oral drugs: promoting the paracellular absorption as well as lymphatic transportation of berberine.
Conclusion
In conclusion, our data showed that PEG400 could act as more than a co-solvent. Briey, high concentration of PEG400 increased the systemic exposure of berberine by increasing its solubility, prompting its intestinal paracellular absorption and lymphatic transport. Given that PEG400 was widely considered to be inert, our results provide new insights into the effects and mechanisms of PEG400 on the systemic exposure of oral drugs. Especially, the results indicated that high concentration of PEG400 could act like chemical permeation enhancers, which reversibly promote the paracellular drug delivery. Although its potency and mechanism should be further explored and its safety should be carefully evaluated, our results did encourage further studies on the application of PEG400 in drug delivery.
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The authors state no conict of interest. Fig. 9 Effects of chylomicron flow blocking on the effects of PEG400 on systemic exposure of oral berberine in mice (mean AE SD, n ¼ 6). Mice received intraperitoneal injection of saline or cycloheximide (10 mg kg À1 ). Two hours later, the mice were orally administered 200 mg kg À1 berberine dissolved in 50% PEG400 at the dose volume of 0.2 mL/10 g body weight. Plasma samples were prepared and analyzed. CHX, cycloheximide. Fig. 8 Effects of PEG400 on the systemic exposure of berberine (A) and total amount of berberine plus its phase I metabolites (B) (mean AE SD, n ¼ 6). Mice were orally administered 200 mg kg À1 berberine dissolved in water or 50% PEG400. Blood was collected into heparinized tubes at the designated time points (0.5, 1, 2, and 4 h). The plasma was collected and analyzed using LC-MS/MS.
